INTRODUCTION {#j_jtim-2019-0026_s_001}
============

Rheumatoid arthritis (RA) is a progressive autoimmune disease characterized as elevated inflammatory cytokines, excessive synovial hyperplasia, and erosion of cartilage and bone in the articular cavity. However, the exact pathogenesis of RA is still unclear. Calprotectin (CLP), an S100A8/S100A9 heterodimer, is a member of the S100 family proteins. Recent studies have observed an increased CLP level in blood and synovial fluid (SF) from RA patients. The levels of CLP were associated with RA disease activity index such as C-reactive protein (CRP) and erythrocyte sedimentation rate (ESR). CLP levels are also correlated with ultrasound-determined synovitis, joint radiographic progression and the therapeutic reaction of RA patients.^\[[@j_jtim-2019-0026_ref_001],[@j_jtim-2019-0026_ref_002],[@j_jtim-2019-0026_ref_003],[@j_jtim-2019-0026_ref_004],[@j_jtim-2019-0026_ref_005],[@j_jtim-2019-0026_ref_006],[@j_jtim-2019-0026_ref_007]\]^ CLP performs various biological functions via interaction with Toll-like receptor 4 (TLR4) in RA.^\[[@j_jtim-2019-0026_ref_008]\]^ Its functions are largely divided into two parts: intracellular and extracellular effects. CLP involves in cytoskeleton regulation and cell migration.^\[[@j_jtim-2019-0026_ref_009]\]^ When released, it mediates cell differentiation, activation, migration and apoptosis, and promotes the production of pro-inflammatory mediator.^\[[@j_jtim-2019-0026_ref_010],[@j_jtim-2019-0026_ref_011]\]^ Accumulating evidence has suggested CLP may exert arresting functions in the pathogenesis of RA. Therefore, CLP may be recommended as a potential biomarker in RA. In this review, we aim to summarize the signaling pathway of CLP in the pathomechanism and disease progression of RA patients.

S100 PROTEINS, CLP AND TLR4 {#j_jtim-2019-0026_s_002}
===========================

S100 proteins and CLP {#j_jtim-2019-0026_s_002_s_001}
---------------------

Moore^\[[@j_jtim-2019-0026_ref_012]\]^ first isolated S100 proteins from bovine brain tissue in 1965, and the name 'S100' originated from its solubility in a saturated ammonium sulfate solution. Up to now, more than twenty S100 family members are confirmed, including S100A8, S100A9, S100A1, S100A12, S100B. S100 is a superfamily of calcium-binding proteins exhibiting intracellular and extracellular functions.^\[[@j_jtim-2019-0026_ref_013]\]^ They seize target molecules (such as enzymes, cytoskeletal proteins) and participate in cell motility and Ca^2+^ homeostasis within cells. S100 proteins are actively or passively secreted into the extracellular space in case of cell activation or necrosis.^\[[@j_jtim-2019-0026_ref_014]\]^ The extracellular proteins, identified as damage-associated molecular patterns (DAMPs), become danger signals and are associated with cardiac disease, infectious disease, nervous system disease, cancer and autoimmune disease.^\[[@j_jtim-2019-0026_ref_008],[@j_jtim-2019-0026_ref_014],[@j_jtim-2019-0026_ref_015],[@j_jtim-2019-0026_ref_016]\]^

CLP (also known as myeloid-related proteins MRP8/MRP14, calgranulin A and B, and L1 protein) is a heterodimeric complex of two EF-hand calcium-binding proteins, S100A8 and S100A9, which are both encoded by highly conserved genes clustered on chromosome 1q21.^\[[@j_jtim-2019-0026_ref_017]\]^ It has a molecular mass of 36.5 kDa^\[[@j_jtim-2019-0026_ref_018]\]^ and is characterized by classical helix-loop-helix motif.^\[[@j_jtim-2019-0026_ref_008]\]^ Expression of S100A8 and S100A9 was found in granulocytes, monocytes and early differentiation states of macrophages.^\[[@j_jtim-2019-0026_ref_010],[@j_jtim-2019-0026_ref_019],[@j_jtim-2019-0026_ref_020],[@j_jtim-2019-0026_ref_021]\]^ Edgeworth *et al.*^\[[@j_jtim-2019-0026_ref_019]\]^ figured out that S100A8 and S100A9 comprised approximately 46% of neutrophil cytosolic proteins. Moreover, murine microvascular endothelial cells,^\[[@j_jtim-2019-0026_ref_022]\]^ osteoblasts, osteoclasts, hypertrophic chondrocytes, and human bone marrow stromal stem cells ^\[[@j_jtim-2019-0026_ref_023],[@j_jtim-2019-0026_ref_024]\]^ were also reported to excrete the two proteins. S100A8 and S100A9 have utility in calcium management, cytoskeleton regulation and cell migration within cells. In the presence of calcium, S100A8/A9 complexes accelerate microtubule polymerization and tubulin filaments formation, accounting for cytoskeleton stabilization.^\[[@j_jtim-2019-0026_ref_009]\]^ The same study stated, in S100A9^−/−^ mice that lack functional S100A8/A9 complexes, tubulin in granulocytes decreased and infiltrating neutrophils in wound reduced,^\[[@j_jtim-2019-0026_ref_009]\]^ indicating the correlation of S100A8/A9 with cell migration. In addition, once secreted to extracellular space, CLP serves as DAMPs and binds to pattern recognition receptors (PRR), mediating cell differentiation, activation, migration, apoptosis, and production of pro-inflammatory factors.^\[[@j_jtim-2019-0026_ref_010],[@j_jtim-2019-0026_ref_011]\]^ Evidence proves that CLP in monocyte is released actively via an unimpaired microtubule network following activation of protein kinase C.^\[[@j_jtim-2019-0026_ref_025]\]^ Over recent years, a report demonstrates that systemic and SF CLP levels prominently elevate in RA patients and the levels correlate positively with disease activity.^\[[@j_jtim-2019-0026_ref_026]\]^ Moreover, studies found aberrant CLP concentration in patients with inflammatory bowel disease (IBD), ankylosing spondylitis (AS), adult-onset Still's disease (AOSD) and systemic lupus erythematosus (SLE),^\[[@j_jtim-2019-0026_ref_027],[@j_jtim-2019-0026_ref_028],[@j_jtim-2019-0026_ref_029]\]^ revealing CLP may be relevant to the pathogenesis of multiple autoimmune diseases.

TLR4 and related signaling pathway {#j_jtim-2019-0026_s_002_s_002}
----------------------------------

CLP is one of the endogenous ligands of TLR4, which belongs to PRRs family. TLR4 is a kind of type I membrane-spanning protein and is composed of an extracellular domain, a transmembrane domain, and intracellular domain. The ectodomain contains 22 leucine-rich repeats (LRRs) mediating ligand recognition, while intracellular domain contains a Toll/IL-1 receptor (TIR) domain delivering downstream signal transduction.^\[[@j_jtim-2019-0026_ref_030]\]^

Some studies have demonstrated pro-inflammatory functions of CLP and TLR4 signaling pathway. TLR4 involves two distinct signaling pathways: myeloid differentiation primary response protein 88 (MyD88) dependent signal pathway on the membrane and MyD88-independent signal pathway in the endosomal compartment.^\[[@j_jtim-2019-0026_ref_031]\]^ We focus on the first pathway in this section. Once activated, two receptors form homodimer combined on the cell surface, leading to quick recruitment of adaptor proteins (such as MyD88, MyD88-adaptor-like protein also called as MAL or TIRAP), which contain TIR domains.^\[[@j_jtim-2019-0026_ref_032]\]^ Adaptor proteins produce downstream signals by phosphorylation of IL-1R-associated kinases (IRAKs), activation of TNF-receptor-associated factor 6 (TRAF6), and stimulation of transforming growth factor β--activated kinase 1 (TAK1).^\[[@j_jtim-2019-0026_ref_032]\]^ Subsequently, TAK1 activates the mitogen-activated protein kinases (MAPKs), including p38, JUN N-terminal kinase (JNK), extracellular signal-regulated kinases (ERK1/2), and stimulates the IkB kinase complex (IKK), resulting in the regulation of transcription factors like NK-κB and AP-1.^\[[@j_jtim-2019-0026_ref_031],[@j_jtim-2019-0026_ref_032],[@j_jtim-2019-0026_ref_033]\]^ However, few studies have been proposed to conclude other roles of the pathway in cell differentiation, migration and apoptosis.

TLR4 is detected on the membrane of phagocytes, endothelial cells, osteoclasts, chondrocytes, fibroblast-like synoviocytes (FLS).^\[[@j_jtim-2019-0026_ref_034],[@j_jtim-2019-0026_ref_035],[@j_jtim-2019-0026_ref_036],[@j_jtim-2019-0026_ref_037],[@j_jtim-2019-0026_ref_038]\]^ Selectively blocking CLP and TLR4 via the formation of (S100A8/A9)~2~ tetramers restricts the activity of these "alarmins" *in vivo*.^\[[@j_jtim-2019-0026_ref_039]\]^ Inversely, overactive TLR4 signaling pathways may aggravate inflammation and tissue damage.^\[[@j_jtim-2019-0026_ref_016]\]^ Another study clearly identified that S100A8 stimulates phagocytes activation and osteoclast differentiation by TLR4, respectively resulting in the inflammation and osteoclastic bone resorption^\[[@j_jtim-2019-0026_ref_035],[@j_jtim-2019-0026_ref_037]\]^. Furthermore, S100A8/A9 activates p38 and NK-κB, and increases cytokines from macrophages of RA patients, including tumor necrosis factor-α (TNF-α), interleukin (IL)-1β, IL-6, IL-8.^\[[@j_jtim-2019-0026_ref_010]\]^ As mentioned above, the TLR4 signaling pathway may play striking roles in the development of RA.

THE ROLE OF CLP IN PATHOGENESIS OF RA {#j_jtim-2019-0026_s_003}
=====================================

RA is a common chronic arthritis typified by synovial hyperplasia, inflammatory cells infiltration in synovia, high expression of cytokines, and cartilage and bone erosion of joints. In RA, phagocytes including macrophages and neutrophils are abnormally activated and accumulated in the articular cavity, initiating multiple inflammatory factors (such as CLP) production and joint irreversible destruction. In fact, S100A8 and S100A9 are extensively expressed in synovium of experimental arthritis as compared with wild-type (WT) mice.^\[[@j_jtim-2019-0026_ref_040]\]^ After adjuvant-induced arthritis (AIA) induction, joint swelling and bone erosion of WT mice were more serious than S100A9^−/−^ mice.^\[[@j_jtim-2019-0026_ref_035],[@j_jtim-2019-0026_ref_040]\]^ Therefore, S100A8/A9 may play momentous roles in the pathogenesis of RA.

CLP is mainly expressed by phagocytes. A study proved that monocytes interact with activated endothelial cells and secrete CLP.^\[[@j_jtim-2019-0026_ref_041]\]^ Interestingly, S100A8 is responsible for CLP activity whereas S100A9 protects S100A8 from degradation.^\[[@j_jtim-2019-0026_ref_009],[@j_jtim-2019-0026_ref_040]\]^ The previous studies suggested TNF-α, IFN-γ and IL-10 promoted S100A8 mRNA expression in macrophages.^\[[@j_jtim-2019-0026_ref_042],[@j_jtim-2019-0026_ref_043]\]^ In RA, the high levels of CLP may exert significant effects on distinct cells accumulated in joints. Firstly, CLP amplifies the production of inflammatory markers by phagocytes. Treated with 50 μg/ml CLP (similar to RA SF CLP concentration), *vitro*-differentiated macrophages from healthy individuals were found to secrete TNF-α.^\[[@j_jtim-2019-0026_ref_010]\]^ Similarly, CLP was proved to induce the production of TNF-α, IL-1β, IL-6, IL-8 by purified blood monocytes.^\[[@j_jtim-2019-0026_ref_010]\]^ In an additional study, recombinant S100A8/A9 promoted the expression of MMP2, MMP3, MMP9 and MMP13 by murine macrophages.^\[[@j_jtim-2019-0026_ref_040]\]^ Secondly, CLP upregulated the CD11b/CD18 molecules on polymorphonuclear cells and monocytes, enhancing the combination of CD11b and intracellular adhesion molecule-1 (ICAM-1).^\[[@j_jtim-2019-0026_ref_044],[@j_jtim-2019-0026_ref_045]\]^ By this way, CLP drove transendothelial migration of phagocytes and attracted them into the RA joints, leading to more CLP accumulated in the inflammatory site. Therefore, CLP may amplify the articular inflammation in RA patients.

CLP induces proteoglycans (PG) breakdown and chondrocytes apoptosis. PG loss and chondrocyte death were increased in the AIA models, while the deletion of CLP almost completely prevented cartilage destruction.^\[[@j_jtim-2019-0026_ref_040]\]^ Nitric oxide (NO) is an essential inflammatory mediator of RA, and it was observed to induce the apoptosis of the cultured articular chondrocytes.^\[[@j_jtim-2019-0026_ref_011]\]^ Interestingly, CLP can upregulate inducible nitric oxide synthase (iNOS) gene expression in macrophages, thus raising the NO concentration.^\[[@j_jtim-2019-0026_ref_011]\]^ In addition, S100A8 (the active component of CLP) stimulated the activation of murine chondrocytes via NK-κB pathway, subsequently promoting the release of inflammatory factors including IL-6, MMPs, and a disintegrin and metalloproteinase with thrombospondin motifs (ADAMTS).^\[[@j_jtim-2019-0026_ref_023]\]^ Consequently, CLP mediates cartilage destruction and participates in RA joint inflammation.

CLP also directly activates endothelial cells. It was reported that CLP induced ICAM-1 expression in human microvascular endothelial cells (HMECs), stimulated HMECs to produce IL-8, which served as a chemoattractant for inflammatory cells, and increased vascular permeability.^\[[@j_jtim-2019-0026_ref_046]\]^ Moreover, another study also found an elevated permeability of human umbilical venous endothelial cells (HUVECs) monolayer via CLP in collaboration with TLR4.^\[[@j_jtim-2019-0026_ref_047]\]^ Based on the above results, CLP may play vital roles in endothelial cells and be responsible for inflammatory cell extravasation and recruitment during inflammation in RA.

CLP regulates osteoclast differentiation indirectly. As we know, upregulation of osteoclasts was related to bone erosion in joins. The previous study investigated that CLP had no impact on osteoclast formation during AIA, whereas S100A8 promoted osteoclast differentiation.^\[[@j_jtim-2019-0026_ref_035]\]^ Similarly, another research did not conclude the relationship between CLP and the number of osteoclasts in the joints of CIA.^\[[@j_jtim-2019-0026_ref_048]\]^ However, TNF-α and IL-6 levels induced by CLP enhanced osteoclasts differentiation in CIA.^\[[@j_jtim-2019-0026_ref_048]\]^

The accurate relevance of CLP and FLSs is not described. It is generally known that the activated FLSs secrete multiple inflammatory markers, perpetuating joint damage in RA. Studies proved that CLP levels raised in RA synovial tissue and TLR4 was highly expressed in FLSs.^\[[@j_jtim-2019-0026_ref_034]\]^ Up to now, whether CLP exerts direct proinflammatory effects on FLSs have not been reported yet. However, treated with another TLR4 ligand (LPS), FLSs expressed higher IL-22, thus enhancing proliferation of FLSs, secretion of MMPs, S100A8, and S100A9.^\[[@j_jtim-2019-0026_ref_049]\]^ Accordingly, we suppose CLP has proinflammatory effects on FLSs and future well-designed investigations are needed.

THE ROLE OF CLP IN CLINICAL ASSESSMENT OF RA {#j_jtim-2019-0026_s_004}
============================================

CLP is a small molecule and released by activated macrophages, neutrophils, osteoblasts and other cells in arthritic joints. Evidence showed that blood and SF levels of CLP are significantly higher in the patients with RA as compared with controls.^\[[@j_jtim-2019-0026_ref_002],[@j_jtim-2019-0026_ref_050]\]^ According to previous reports, CLP diffuses from the local joint cavity to circulation in RA and CLP SF levels are higher than serum.^\[[@j_jtim-2019-0026_ref_002]\]^ Serum CLP is easily measured and is considered to directly reflect the severity of arthritis. During the past decades, CLP levels have been reported to be connected with clinical and laboratory parameters, disease activity, synovitis progression determined by ultrasound (US) and radiology, and the therapeutic reaction of RA. CLP was more sensitive than traditional acute inflammatory markers (such as CRP) in the assessment of disease activity and US synovitis.^\[[@j_jtim-2019-0026_ref_007],[@j_jtim-2019-0026_ref_051]\]^ Thus, CLP may be a potential inflammatory biomarker in RA. Next, we separately summarize the relationship between CLP concentrations and clinical signs, laboratory parameters, disease activity, ultrasound and radiographic progression of joints, and treatment response in RA.

Serum CLP levels are strongly correlated with clinical signs and acute phase reactants in RA. The noteworthy association between serum CLP and swollen joint count (SJC), tender joint count (TJC) was observed in several studies.^\[[@j_jtim-2019-0026_ref_003],[@j_jtim-2019-0026_ref_007],[@j_jtim-2019-0026_ref_052],[@j_jtim-2019-0026_ref_053]\]^ CLP circulatory levels have significant correlations with grip strength (*r* = −0.22, *P* \< 0.05) and circumferences of proximal interphalangeal (PIP) joints (*r* = 0.33, *P* \< 0.05) in a cross-sectional study of 70 RA patients.^\[[@j_jtim-2019-0026_ref_004]\]^ Above studies also suggested an association of serum CLP and other serological indicators.^\[[@j_jtim-2019-0026_ref_007],[@j_jtim-2019-0026_ref_052],[@j_jtim-2019-0026_ref_053]\]^ A systematic analysis highlighted that CLP was positively correlated with CRP and ESR (*r* = 0.8, *P* \< 0.01; *r* = 0.7, *P* \< 0.01) in RA.^\[[@j_jtim-2019-0026_ref_002]\]^ In addition, serum CLP levels were also associated with rheumatoid factor (RF) levels (*r* = 0.25, *P* \< 0.05).^\[[@j_jtim-2019-0026_ref_003]\]^ The Rheumatoid Arthritis Articular Damage (RAAD) score serves as another clinical joint damage index. It was reported that CLP levels were positively relevant to RAAD score rather than CRP or ESR levels.^\[[@j_jtim-2019-0026_ref_054]\]^ Nevertheless, it was still contradictory whether CLP was related to anticitrullinated peptide antibodies titers.^\[[@j_jtim-2019-0026_ref_003],[@j_jtim-2019-0026_ref_050]\]^

Association between serum CLP and disease activity of RA has been confirmed in recent years. Circulating CLP levels are high in active RA^\[[@j_jtim-2019-0026_ref_002]\]^ and are significantly related to Disease Activity Score based on a 28-joint count (DAS28), simplified Disease Activity Index (SDAI) and Clinical Disease Activity Index (CDAI).^\[[@j_jtim-2019-0026_ref_007],[@j_jtim-2019-0026_ref_050],[@j_jtim-2019-0026_ref_053],[@j_jtim-2019-0026_ref_055]\]^ The study yielded a CDAI score raised with elevated CLP level.^\[[@j_jtim-2019-0026_ref_055]\]^ In some RA patients, the levels of CRP or ESR were normal. Under this circumstance, CLP, prior to CRP, is a satisfactory predictor of CDAI activity in linear regression analyses.^\[[@j_jtim-2019-0026_ref_007]\]^ Hurnakova *et al.*^\[[@j_jtim-2019-0026_ref_051]\]^ found that the levels of CLP were lower in patients who were in remission or had low disease activity. Remarkably, all patients had normal or low CRP levels in this study.^\[[@j_jtim-2019-0026_ref_051]\]^ When RA patients who treated with tumor necrosis factor inhibitors (TNFi) were in remission, CLP levels were significantly lower.^\[[@j_jtim-2019-0026_ref_056]\]^ Thus, CLP is a good marker to assess the disease activity of RA patients receiving TNFi.^\[[@j_jtim-2019-0026_ref_056]\]^

CLP may be essential to predict ultrasound and radiographic joints' progression of RA. US sum score is semi-quantitatively defined as the sum of Grey scale (GS) synovitis, power Doppler (PD) synovitis, GS tenosynovitis, and PD tenosynovitis. GS score is generally used for synovitis evaluation and PD score is for vascularization evaluation in the joints of RA.^\[[@j_jtim-2019-0026_ref_052]\]^ Studies demonstrated a correlation between CLP levels and US sum scores, GS and PD synovitis scores.^\[[@j_jtim-2019-0026_ref_007],[@j_jtim-2019-0026_ref_052]\]^ Additionally, Hurnakova *et al.*^\[[@j_jtim-2019-0026_ref_053]\]^ analyzed the value of serum CLP levels for PD synovitis in RA by a multivariate regression analysis. When adjusted for age and sex, serum CLP levels (*R*^2^ = 0.765, *P* \< 0.001) were better than CRP (*R*^2^ = 0.496, *P* \< 0.001).^\[[@j_jtim-2019-0026_ref_053]\]^ RA patients in clinical remission are divided into two principal subgroups based on the musculoskeletal US: patients with US-defined remission and with subclinical disease activity.^\[[@j_jtim-2019-0026_ref_057]\]^ Interestingly, the CLP levels in the US-defined remission group were noticeably higher than those in the subclinical disease activity group (2.5 ± 1.3 *vs*. 1.7 ± 0.8 μg/mL, *P* \< 0.005),^\[[@j_jtim-2019-0026_ref_057]\]^ indicating that CLP may have the utility to distinguish distinct groups of RA patients with clinical remission. Diverse studies concluded contradictory results about whether CLP was in connection with joint radiographic progression of RA. In a prospective single-center cohort study, 42 RA patients were assessed with serum CLP levels and dominant hand MRI at baseline and at 12 months.^\[[@j_jtim-2019-0026_ref_001]\]^ Baseline CLP level was not the independent predictor for MRI structural damage at 12 months.^\[[@j_jtim-2019-0026_ref_001]\]^ However, another group revealed high levels of CLP at baseline, but not CRP or ESR, were associated with joint radiographic progression.^\[[@j_jtim-2019-0026_ref_055]\]^ Similarly, Hammer *et al.* proved that CLP was independently correlated with joint radiographic damage in RA.^\[[@j_jtim-2019-0026_ref_054]\]^

Several groups have proved the relationship between CLP and treatment response in RA. 194 RA patients received methotrexate therapy were followed up for 4 months to determine if CLP has advantages in predicting the treatment response. Results showed that the circulating CLP levels at baseline can't predict treatment response.^\[[@j_jtim-2019-0026_ref_055]\]^ Nevertheless, other studies observed that the CLP levels in the patients with active RA decreased in treatment responders, while there was no remarkable change found in the non-responders.^\[[@j_jtim-2019-0026_ref_002],[@j_jtim-2019-0026_ref_003],[@j_jtim-2019-0026_ref_054]\]^

CONCLUSION {#j_jtim-2019-0026_s_005}
==========

CLP participates in the pathological course of RA and acts as a biomarker. Deletion of CLP almost completely prevented cartilage destruction in the animal arthritis model. CLP exert their pro-inflammatory function via CLP/TLR4 signaling pathway. CLP can promote cytokine production from macrophages and endothelial cells, and regulate chondrocytes apoptosis. CLP can indirectly mediate osteoclasts differentiation. Furthermore, the levels of CLP are closely correlated with clinical signs, laboratory parameters, disease activity, ultrasound and radiographic progression, and the treatment response in RA patients. CLP is more useful than ESR and CRP to assess disease activity. In the future, more studies are required to validate the precise roles of CLP in the pathogenesis of RA and in the clinical assessment of RA patients.
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